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the approaches of　fabrication process.　materials.　and cell　structures｡
　　　　　Concerning　the　fabrication　process, a　separated　ultra-high　vacuum
(UHV) reaction　chamber　system, called　the　super　chamber, has　been　newly
developed　to　reduce　impurities　in　a-Si　films.　Ａ background　pressure　of
10‾９　Torr was　obtained, and　an　oxygen　concentration of　2　×1018　cm’3 was
achieved.　which　１Ｓ　one　to　two　orders　of　magnitude　lower　than　in
conventional　chambers.　It　was　found　that　film properties　of　a-Si, such
as　space　charge　density, ESR　spin　density, carrier　diffusion　length, and
so　on. can　be　improved　by　Impurity　reduction　with　the　super　chamber
method.　Ａ　conversion　efficiency　of　11.7　Z　was　achieved　for　ａ　pin　type







super　structure　films was　shown.　About　a　30 Z　increase　in the　collection
efficiency　in　the　short-wavelength　region　was　achieved　for　ａ　pin　a-Sl
solar　cell whose p-layer was　of　the a-SiC/a-Si　super　structure｡
　　　　　Also　concerning　materials.　hydrogenated-and-fluorinated　amorphous
silicon germanium (a-SiGe:Ｈ:F) was　systematically　investigated as　ａ high-
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1-1.　Historical　Background of Amorphous　Silicon Solar Cells
　　　　　Ａ　photovoltaic　effect　was　first　observed　in　1839　by　ａ　French
physicist, Becquerel.　　He　noted　that　voltage　appeared　when　one　of two
identical　electrodes　in　ａ weak conducting　solution was　illuminated.　The
photovoltaic　effect　in　solids was　first　studied　in　1877　by Adams　and　Day
with ａ　selenium cell.　But　selenium photovoltaic cells　exhibited only　1　Z
efficiency　In　converting　light　to　electricity, and　they　did　not　become
practical　as an energy converter｡
　　　　　In1954, the first solar cell using crystalline silicon (c-Si) was
developed　　by　　Chapin.　　Fuller,　　and　　Pearson　　of　　Bell　　Telephone
Laboratories,　and ａ conversion efficiency of　6　Z was　soon obtained.　In
1958, the　U.S. Vanguard　space　satellite　used　c-Si　solar　cells　to　power
its　radio.　The　cells worked　so well　that　solar　cells were　soon　realized
as　an　effective　power　source　in　space.　　As　for　terrestrial　applications




require no fuel, and therefore, there　１Ｓno pollution from exhaust gases・










restricted applications, such as　satellites, lighthouses, and　so　ｏｎ｡
　　　　　0nthe other hand, an impact　In　the　field of　semiconductor materials
was　made　by　Spear　and　LeComber　of　Dundee　University　in　1975.　They
succeeded　in　valency　control　of　hydrogenated　amorphous　silicon (a-Si)






point was　eliminated by　the work of　Spear　and LeComber. They　showed　that
the　gap　state　density　in　their　a-Si　was　reduced　to　the　order　of 1017
eｖ‾１ｃｍ’3　atthe midgap, which was　two　to　three　orders　of magnitude　lower
than　the　previous　a-Si　deposited by　evaporation methods.　The　reason　for
the　decrease　in　the　gap　states　was　soon　discovered　that　hydrogen　atoms
eliminated dangling bonds　in a-Sl deposited by　the glow discharge method。
　　　　　In　1976, the　first　a-Si　solar　cell was　developed　by　Carlson　and
Wronski ｏｆＲＣＡ.3）　Compared with the c-Si　solar　cell, the a-Si solar cell
has　several　characteristic　features.　　Namely,　the　fabrication process　is
simple;　the　deposition　temperature　１Ｓ　low;　the　amount　of　required











discharge　method　became　the　maj or　preparation　method .　In　197O's, all
deposition　apparatus　were　based　on　single-chamber　configuration, which
had ａ problem of　intermixing of　impurities, resulting　in deterioration of
film quality.　　Then,　ａ　consecutive　separated　reaction　chamber, which　can
reduce　intermixing　of　impurities, was　developed by Kuwano, Tsuda, et　a1.
1n　1982，6）　and　photochemical　vapour　deposition (photo-CVD) was　utilized






hydrogenated amorphous　silicon nitride (a-SiN), hydrogenated amorphous
silicon　germanium （ａ-S1Ge），ｎ）　and　hydrogenated　amorphous　silicon　tin
（ａ-S1Sn），12）Ｗｅｒｅ　studied.　In　1980, a-SlGe was　applied　as　an　i-layer　of
ａ　pin　a-Si　solar　cell　by　Nakamura　et al・, and.a-SiC was　applied　as　ａ
































characteristics, which is　influenced by　ｔｈｅμ　Γ　product　and　the position
of　the　Fermi　level, became　ａ　large　problem　for　a-Si　solar　cells　in
outdoor　　use.　　Numerous　　research　　efforts　　have　　been　　conducted　　to
Investigate　the origin of　this　ｌｉｇｈｔ－１ｎｄｕｃｅｄｄｅｇｒａｄａｔｉｏｎ，２０“２３）ｂｕｔit １Ｓ
not　yet　clear.　and　effective　countermeasures　are　not　established　at
present.　Development　of　the　effective　countermeasures with revelation of
the　origin　of　the　light-induced　effect　is　also　ａ　key　factor　for　the
application of　the a-Si solar cells　to power generating　systems.
1-2.　Purpose and Significance　of Present Work
　　　　　　In　order　to　apply　a-Si　solar　cells　as　power　sources.　the
improvement of　the conversion efficiency　is very much required.　For　this
purpose.　systematic　Investigationa　must　be　carried　out　with　regard　to
three approaches：　fabrication process, materials, and　cell　structure.　In
the　fabrication　process.　deposition　methods　for　high-quality　a-Si　films








efficiency.　As　for cell　structure, theoretical　consideration Is　required
to　establish　the　optimum　cell　structure　with　synthesizing　the　above
mentioned improvements　in fabrication process and materials｡
　　　　　The　secondproblem in utilizing a-Si solar cells　as　power sources １Ｓ
t０　increase　their reliability by preventing the　light-induced degradation
of　their　properties, as　mentioned　in　the　previous　section.　For　this
purpose.　first, the　behavior　of　the　degradation　has　to　be　studied, and
the origin of　the degradation has　to be analyzed.　Second, based on these
investigations, practical　countermeasures　which　are　not　contradictory　to


















This material, which widens　the　spectral　sensitivity of a-Si solar cells.
1S　fluorinated-and-hydrogenated amorphous　silicon germanium (a-SiGe:H:F).
The　first　observation　of　microcrystalllne　structure　in　a-SlGe:Ｈ:F　films
is　described, and　ａ　high　collection　efficiency　in　the　long-wavelength










　　　　　Finally,　conclusions of　the present　study are ”1万万adein Chapter VII.
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II. PREPARATION AND PROPERTIES OF A-SI F工LMS DEPOSITED WITH Ａ SUPER




























the　super chamber for the first　time｡
　　　　　工ｎ　this　chapter,the　features　of　the　super　chamber, in　which　a-Si
films　of very　low impurity　concentration can be prepared, are　described,
and　the properties　of　the a-Si films　are　reported　In detail.　The　effect
of　impurity　reduction　on　the　light-induced　effect　1S　discussed　in
Chapter VI.
2-2. Preparation Method and Impurity　Concentrations
　　　　　In　this　section, the　details　of　the　super　chamber (separated　UHV





















Fig.　2－1　Blockdiagram of the super chamber (separated UHV
　　　　　　reactionchamber).
－１１ －
silane (SiH ) ,　whose　Impurity　concentration was　less　than　l ppm　except
for hydrogen, was used.　　Other parts　of　the　super　chamber　are　similar　to
those　of　the　consecutive　separated　reaction　chamber system.　　In
depositing a-Si films. capacitively-coupled radio frequency (13.56 MHz)
glow discharge　1S used;　other　reaction　conditions　shown in Table　２－1　are
the　same as　those in conventional　chambers｡
　　　　Table　2－２　shows background pressure, leakage　and out　gas　in both　the
super　chamber　and　the　conventional　separated　chamber.　The　background








measured　by　the　GMA　in each　chamber　are　shown　in .Fig.　2-2, which　are　In
the　case　of　background　pressure (a)　and　in　the　case　of flowing　S1H4　1n
the　chamber　(b).　　Many　peaks　appear　on　the　mass　spectrum　for　the






films deposited in ａ conventional　chamber.
－12 －



























































































2-3. Propert:ies of a-Si Films Deposited in the　Super Chamber
　　　　　In　this　section.　the　properties　of　a-Si　films　deposited　in　the
super chamber method are described.




































Fig.　２－３　Impurity　concentrations　in a-Si films deposited　in various　chambers.
Fig. 2-4　ESR signals of a-Si films deposited in various　chambers.




temperature　and　the microwave　frequency was　ｇ　GHz.　　In Fig.　2-4, the　two
sharp　signals　on　the both　sides　of　the　ESR spectrum were　obtained　from ａ
standard　manganese　sample　to　estimate　the　ESR　spin　density　and　g-value,





The Ｎｓ　of the　a-Si　films deposited　in　the　super　chamber is　the　smallest




less than 0.01Ωcm. The sample structure, measurement　conditions, and
the　measurement　circuitﾆ　are　shown　in　the　left　part　of　Fig. 2-5.　The
thickness　of　the a-Si　film was　about　1　μm.　and　the modulation frequency
ｗａｓ　0.01　Hz.　From　the　slopes　of　these　lines, we　can　obtain　the　space




　　　　１１１　eq.(2-1), q.　£q, and　Ｅｒ　are　electronic charge, permittivity
of　vacuum.　and　relative　permittivity　of　a-Si, respectively°　　Ｅｒ　１Ｓ
assumed　to 11.5）ｌｎ Fig. 2-5, capacitance　Ｃ　can be　obtained as　follows.







where　ｆ　ａｎｄｖｐｐａｒe　frequency　andpeak-to-peak voltage　for bias voltage.






















ａ１１　previously reported undoped a-Si　films　at present.
　　　　　As　both　the　Ｎｓ　and　the　Ｎ工 are　related　with　the density　of　states
near　the　mldgap, these　results　show　that　the　density　of　states　near　the
midgap have ａ relation to　impurity concentrations.
















































Fig.　２－６　Photoluminescence spectra of a-Si films　deposited In
　　　　　　　　　various　chambers.
・ ● 20 －





separated chamber.　as　shown in Fig.　２－７。
　　　　　These　results　suggest　that　the　density　of　tail　states　also　has　ａ
possitlve　correlation　with　Impurity　concentrations, and　that　it　can　be
reduced　in the　case of a-Si films　deposited in the　super chamber.
2-3-3- Electrical　properties
　　　　　Electrical　properties　were　also　investigated as　follows.　Figure




deposited in the　conventional　separated chamber｡


































Fig.　2-８　Photoconductivity （ぴｐｈ）　anddark conductivity （ぴd）ｏｆ



















Fig.　2－9　Light　intensity versus　a~^ ( a :　optical absorption
　　　　　　　　　coefficient)plots　for estimation of　the hole diffusion
　　　　　　　　　lengthＬ by　the　surface photovoltage method.
23 －





１ｎ the a-Si ｆｉｌｍｓ２）and　the　detail　１Ｓ　discussed　in　Section　６－４．　The







dangling bonds.　As　described　in　2-3-2, reduction of　the　density of　tail
states.　which　corresponds　to　the　extent　of　microscopic　disorder, also
shows　the change in the microscopic　distortion with impurities。
　　　　As　ａ　result, high-quality a-Si　films with １０Ｗ density　of　states　and
large hole diffusion length were obtained by　the　super chamber method.
2-4. Application to　Solar Cells


















































which mainly affect　the Ｆ.Ｆ｡
　　　　　Therefore, it　is　concluded　that　high　performance　a-Si　solar　cells
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III. SUPER STRUCTURE A-SI FILMS AS WIDE-




















structure　films were　deposited with　the　glow discharge (GD) method.　工ｎ








super　structure as　the Ｐ‘layer of　an　a-Si　solar　cell, also　for　the　first
time.
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3－2.　Preparation and Structural Analysis
3-2-1.　Preparation method and reaction condition




layers) and　a-SiC:H (barrier　layers).　　In　the　photo-CVD　method, direct
photolysis of　source　gases　was　used.　The　light　sources　were　emission














　Photo-CVD method　　Glow discharge method













































　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ａ　　　　　　　　　　　　　　　　　　　　　ｏfilm in which a-Si:H film of　50　A and a-SiC:H　film of 30 A were　stacked
alternately　by　the　photo-CVD　method.　　The　Bragg　reflection　peak　１Ｓ　１.10













fluctuation of　the　interfaces between a-Si：Ｈ and a-SlC：Ｈ was　estimated to
be　less　than ７ Ａ from the　fact　that　the　full width at half maximum of the
peak was　less　than ｇ　Ｚ　of　thediffraction angle of　the peak。
　　　　　Therefore, the　periodicity　of　the　amorphous　super　structure　film
prepared　by　the　photo-CVD　method　was　thought　to　be　sufficient. which
quantum effect　can be expected.
3-3.　Optical Properties　of　Super Structure Films
3-3-1.　Optical bandgap
　　　　　Figure　3－３　shows　the　optical　bandgap （Ｅｏｐt）ａｎｄ　the　B-value　as　ａ
function of the well layer (a-Si:H) thickness.　The E






























Fig. 3－1　Depth profiles of Si and Ｃin an a-Si/a-SiC































structure　films　deposited with the photo-CVD
method as ａ function of well　layer thickness.
－34 －
　　　The barrier layer (a-SiC:H) thickness was fixed at 25 A， and the
well　layer　thickness　was　varied　from　８　Ａ　t0　500　A.　Eopt　of　the　barrier
layer and　the well　layer were 2.35　eV and　1.95　eV, respectively.　opt of
the well　layer　1S　large　compared with　that　of　the　conventional　a-Si　film
prepared by　the glow discharge method.　The　ｌａｒｇｅＥｏｐt　isalways　observed
for　the a-Si film prepared by　the direct ｐｈｏtｏ－ＣＶＤｍｅtｈｏｄ.7）ＡＳthｅwell






photo-CVD method was thought to be caused by the separation of the lowest














where　ｍｅ　is electron　mass.　In　this model, the　effect　of　hole　quantum
level ０ｎ the　Increase　In the　Eopt　is not　Included for　simplification, and
the　assumed value　of　tｈｅｍｅ大　1ｓ　relatively　large　compared with　the value
of　ａ　previous　report (m *　’O°６　ｍｅ）which　Included　the　effect　of　hole
quantum ｌｅｖel.8） This model　showed　good　agreement with　the　experimental
values　shown in Fig.　3-3, and the quantization effect was　confirmed.
3-3-2.　Photoluminescence
　　　　　Photoluminescence　（ＰＬ）　spectra　of　the　super　structure　films　were
measured　with the　irradiation　of Ａｒ十　laser　(5145　A) at　フフ　Ｋ.　The　peak
energy　of　the　PL　as　ａ　function　of　the　well　layer　thickness　is　shown　in
Fig.　3-4.　The　peak energy　increases with　the　decrease　in　the well　layer









Fig.　3-４　Peakenergy of　the PL (Photoluminescence) of a-Si/a-SiC










effect　of　plasma　damage　on　interfaces　in a-Si　super　structure films, the
absorption　spectra　and　ｔﾆhe　PL　spectra　were　measured　for　an　a-SiC　alloy




intensity of　the　PL　from the barrier　layer will　become negligibly　small.
The gas flow rate　ratio ０ｆＢ２Ｈ６／（Ｓ１２Ｈ６十CH2) (photo-CVD) or B2H6/（S1Ｈ4
十ＣＨ４）　(GD) was　１ Ｚ．　In the a-SiC alloy.　the　gas　flow　rate　was the
average　of　the　gas　flow　rates　which　were　used　for　the　deposition　of　the
well　layer　and　the　barrier　layer　in　the　super　structure　film　prepared











































These　results may　suggest　that　the photo-CVD method causes　less damage　to
the　interface　than the GD method because　of　the decrease　in non-radiative
recombination.　Good　super　structure　film with　many　interfaces　was　thus





are　shown in Fig.　3-7.　The experimental values, indicated by black dots ，
correspond well　to　the　calculated values　from curve fitting, shown by　the









where　４ Ｂ is the barrier height of　a-SiC：Ｈ to a-Si：H,　and ｍｅｉwas assumed
to　be　Ｏ’８　ｍｅ゛ａＳ　mentioned　in3-3-1.　The　barrier height　φＢ　estimated
from the slope of the I/^2 ゛Ｓ゛１／ｖplot ｀゛８ｓＯ゛３ｅｖ°
　　　　The activation energies　of　dark conductivity　for both the a-Si (welユ














energy of　each layer　in the　super　structure　films.
　　　　These　results　indicate　that　the　carrier　transport　mechanism　in　dark
１Ｓmainly　the tunneling effect　in the　super structure　films.







doped to　the barrier layer, narrowing ｏｆＥｏｐｔｏｃＣｕｒｅＳ，ａｎｄthe difference
１ｎ　opt between　the　barrier layer　and　the　well　layer　will　become　small.
Then,　for　the　application　to　the　window　layers　of　a-Si　solar　cells
described　later, 1　Z boron was　doped　Into　a-Si　films (well　layer) in　the
doped　super　structure　films.　　In　the　region　of
opt〉2eV, the
photoconductivity　of　the　super　structure　films was much higher　than　that
of a-SiC films prepared by　the glow discharge method・　even in doped　super
strucutre films｡
　　　　　The　a-Si/ａ-Sic　superlattice　structure　film　was　found　to　show　good


























●ｏ undoped super structure
　　　film




Optical bandgap Eopt (ｅｖ)




　　　　　　　　　　　　　　　　　　　　　　　Ｑ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｏthree a-Si layers (25 A) and　three a-SiC layers (25 A) stacked
alternately.　　The a-Sl　i-layer (5000 A) and n-layer (400
χ）ｗｅｒe
prepared
by　the glow discharge method.
　　　　　An　example　of　the　collection　efficiency　spectrum　of　the　solar　cell







relatively　large value　compared with Isc of　the　conventional　solar cell (
16 mA/cm ). But　the　open　circuit　voltage V (0.752　V) and　the　fill
factor F.F. (0.623) were　low.　and　the　conversion efficiency was only 8.39
Z under AM-1, 100 mW/cm .
　　　　　In　order　t０　１ｎｃｒｅａＳｅｖｏｃ　and　Ｆ‘Ｆ‘, boron was　doped　to both　the　a-St




are　shown　in　Fig.　3“1 1 . lｓｃ　was　17.3　ｍＡ/Ｃｍ２゛ｗhich is　small　compared
with　the　cell mentioned in the previous paragraph because of　the　increase
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Fig.　3-10.　Collection efficiency　spectra of an super






















photo-CVD method for the　first　time.　The periodicity of　the　structure of
the　a-Sl/a-SiC　super　structure　film　was　confirmed　by　AES　and　Bragg
reflection　of χ-ray.　　The　thickness　fluctuation of　the　interfaces　of　the














for ａ glass/TCO/p-super structure/in/metal a-Sl solar cell.
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IV. A-SIGE:Ｈ:Ｆ FILMS　AS NARROW-BANDGAP
　　　MATERIALS FOR SOLAR CELLS
A-1.　Introduction




spectrum of　sunlight, have been investigated.　The most　Important problem
in　the　development　of　ａ multi-bandgap　a-Sl　solar　cell　1S　the preparation








prepared by ａ glow-discharge method 。
６）
However, there are　few reports on
ａ‘SlGe：Ｈ：Ｆin which the preparation condition was widely　studied。












substrate　temperature　ＴＳ　ranged from　150　t0 250°C, the　RF power　from 30
to　100　W゛ the pressure　from ０.1　to　1.0　Torr, the　flow rate of　SiF^ from
50　t0　250　seem, the　flow rate　of GeF,　from ０.5　t0　2.0　seem, and　the　flow
rate of Ｈ２　ranged from 10　to 50 seem｡
　　　　　Under　the　reaction conditions.　the　gas　flow　rate　of　GeF　was
remakably small　since　the incorporation efficiency　of Ge　atoms　from GeF,
was　so high.　　For　a-SiGe:Ｈ:F　prepared　under　the　standard　reaction.




concentrations of　this film were estimated　to be about　６０　Ｚand about　０．６









investigations on the　structural　properties and on the　reaction condition
dependence　of　film　properties　are　extensively　required.　These　are　the
- 49 -

















Fig. 4-1.　Consecutive separated reaction chamber apparatus












Fig.　4－2　Auger electron spectra of　a-SiGe:Ｈ and a-SlGe:H:F.
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purpose of　this　section。
　　　　　Inorder　to optimize the　reaction conditions of a-SlGe：Ｈ：F, the　flow








of AM-1, 100 mW/cm , and　the　optical　bandgap （Eｏｐｔ）　and　Raman spectra





function of　the flow rate ratio of GeF^/(SiF 十GeF ).
　　　　As　shown in Fig.　4-3, a boundary appears betv゛een ＧｅＦ４/（SIF4＋GeF4）
= 0.8　Z　and 0.6　%, that　Is, at about　0.7　Z.　In the　case of GeF,/(SiF,十





films　deposited with DC (Direct Current) glow discharge were amorphous　in
the case of ＧｅＦ４（SiF4十GeF )゜20 %, and that　the difference between RF
and DC deposition in the boundary of　flow rate ratio　for microcrystalline


















Fig.　4-3 Dark conductivity　（ぴd）’ph°toconducti゛ity (cr ), and
opt）ｏｆａ-SiGe:Ｈ:F as a function ofoptical bandgap （Ｅ






















Fig.　4-４　Raman spectra ｏｆ･μc-Ge, a-SiGe:Ｈ:F, and a-SlGe:Ｈ.
conventional　a-SlGe:Ｈ　deposited　with　the　glow　discharge　decomposition　of
SiH 十GeH十H2 is ｓho゛1 1゛ Fig. 4-4(c), V゛ｈｅｌ:eth 　Ge　concentration was
60　Z　and　the Ｅｏｐtｗａｓ.1.４　eV.　The peak positions　for　TO phonon of　Si-Ge
（380 cm ) and Ge-Ge （265cm“1）ｏｆ　a-SiGe:Ｈ:Ｆ were　shifted　to　the　higher
values　compared　with　those　of　a-SiGe:H, but　the　whole　Raman　spectrum of









the　gas　decomposition ratio　of Ｓ１Ｆ４　and　ＧｅＦ４was　varied　with　RF power.













ＯＰt of a-SlGe:Ｈ:F films　are　shown in Fig. 4-6　as
ａ function of　the　substrate　temperature　Ｔｓ゛ The.　びph was about　ｌ　ｘ　１０゛４
Ω“１　cm　and was　not　remarkably　changed　with Ｔｓ°　　The　ff,, however,



















































originate from Si-Si bonds （～480cm‾1），　Si-Ge bonds （～400cm‾1）ａｎｄ
Ge-Ge　bonds　（～250　cm ) 1ｎ　a-SiGe:H:Ｆ.　In　addition　to　these　broad
peaks, the　spectra　of　ＴＳ　°220°Ｃ and　ＴＳ　°240°C　show narrow peaks　at　500
cm , which Indicate　that　the　silicon atoms　in a-SiGe:H:F films partially
microcrystallize when Ｔｓ　1S higher than 220°C゛
４－３－４．　Discussion on film properties
　　　　The　above　mentioned　dependence　of　a-SiGe：Ｈ：Ｆ　film　properties　on
deposition conditions were　investigated as　follows。
　　　　The　sharp　dependence　of　film　properties　on　the　gas　flow　rate　ratio
０ｆＧｅＦ４／(ＳｉＦ４十GeF.)can be explained by 3 change in the atomic network.
As　mentioned　earlier, when　the　flow　rate　ratio　of ＧｅＦ４/(S1F4十ＧｅＦ４)
increased　from　０．６　to　０．８　%,the　sharp　peak　of　μc-Ge　was　observed　and









glow discharge in ＳｉＨ４十H , the key factor for　the　formation of an
μc-Si　structure　is　the　high　dilution with　hydrogen, and　drastic　change










Fig.　４－７　Raman spectra of a-SiGe：H:F as ａ　function ｏｆＴＳ
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was　also　observed　as　shown　in　Fig.　４－３．　　These　tendencies　indicate　the
similarity between　μc-Si and　μc-Ge in the　reaction kinetics。
　　　　The　dependence　of　the　film　properties　on　the　substrate　temperature




that　the amorphous　Si-Ge network does　exist.　even if　μc-Si appears.　As
（ｙ？ｈand　ぴｄａｒｅ almost　constant when　the　substrate temperature　increases




quality a-SlGe：Ｈ：Ｆ film.　where the　substrate temperature was　１８０　°Ｃ．　The
germa万nium concentration of　this film was 60 % ｡
４－４．　Device Characteristics
4-4-1.　１－Ｖ characteristics　of　Schottky diodes
　　　　In order to examine　the electrical　characteristic of a-SiGe devices.
Schottky　diodes　were　fabricated.　a-SiGe:H：Ｆ and　a-SiGe：Ｈ were　deposited
on ｎ十type crystalline silicon (c-Si) suもstrates, and Au (gold) electrodes
were　　evaporated as　　a barrier　metal.　　The　　current-voltage　(i-v)
characteristics　of　these diodes　are　shown ｉｎＦｉｇ゛４‾８゛ｗｈｅｒｅごＥｏｐｔof both
films was　１．４　eV.







































indicate　the　small　carrier recombination rate　In the a-SiGe:Ｈ:F diode.
4-4-2.　Collection efficiency　spectra of pin diodes
　　　　　In　order　to　apply　a-SiGe:H:Ｆ　to　solar　cells.　pin　diodes　with
i-layers　of a-SiGe:Ｈ:F were fabricated.　A p-layer (a-Si:H) of　150
χ
was
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｏdeposited on ａ glass/SnO≪　substrate, then an i-layer　of　5000 A and an
　　　　　　　　　　　　　　　　　　　　　　○‘




whose　i-layer １Ｓ ａ narrow bandgap material (such as a-SiGe:H) was a-Si:H,
because　the difference of E between p type a-Si:Ｈ and a-SiGe:Ｈ was not
very　large.　　In　the　case　of　the　ｐ　type　a-Si:Ｈ，　the　p-layer　may　be
deteriorated by　fluorinated radicals.　Therefore, a-SiC:Ｈ was proposed　to





cell　structure.　It was also higher than that of　the p(a-SiC:H)-i(a-Si:Ｈ)
-n(a-Si:H) cell which　１Ｓ　the　standard　cell　structure　of　ａ　single bandgap
a-Si　solar　cell　in　the　long-wavelength　region.　Although　the　conversion.
efficiency of the p(a-SiC:H)-i(a-SiGe:Ｈ:F)-n(a-Si:H) cell 1S low (・ヽ・5 %),
the　collection efficiency at　the wavelength of　８００　nm was　improved　to　32
%, where　the　collection　efficiency　at　the　same wavelength was about　20　Z

















bandgap ma terial ・　μ･c-Ge can be obtained when the gas　flow rate ratio of




than　１０‘　was　obtained　for an a-SiGe:H:Ｆ Schottky　diode　at　a bias　of　1　V.
Ａ　collection　efficiency　of　32　Z　was　obtained　at　ａ　wavelength　of　800　nm
with ａ p(a-SiC:H)-i(a-SiGe:Ｈ:F)-n(a-Sl:H) diode.
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effective use of　the　Incident　light　in a-Si solar cells｡
　　　　　Inthis　chapter, a theoretical　calculation of output　characteristics
of　an　a-Si　solar　cell　１Ｓ　described.　Next, the　theoretical　conversiffa





efficiency of　the multi-bandgap　solar　cell.　Finally, materials needed　to
realize　the optimized multi-bandgap　solar cell　are　investigated.




characteristics　of ａ pin type a-Si　solar cell　１Ｓdescribed.
5-2-1.　Equivalent　circuit
　　　　　An　equivalent　circuit　of　ａ　solar　cell　used　here　１Ｓ　shown　in　Ｆｉｇ･
５－１．　１ｎ　the　figure. ｌｐｈ゛ｌｄ゛ＩＳｈ ｌ゛　and　ｖ　are　photﾆocurrent, dark　diode
current, shunt　current ， output　current,　and output voltage.　respectively.






small.　0n　the　other hand, in　the　case　of　an a-Si　solar　cell, since　the
diffusion length of minority　carriers　１Ｓ　almost　the　same　as　the width　of
the　depletion　layer. V　is ma万inly　produced　in　the　depletion　layer, and
thus　Sh　strongly　depends　upon　the　output　voltage.　　Therefore, in　the
analysis　of　the　energy　conversion　process　of　the　a-Sl　solar　cell, the
output voltage dependence ｏｆＩＰｈｍｕＳtbe　considered.
　　　　The output　current　I(V) under illumination Is
　　　　　　　　　　I(Ｖ)゜lph(Ｖ)‾ld(Ｖ)‾lｓh(Ｖ〉　　　　　　　　　　　(5－1)
where　the dark diode current　is　represented as　follows:






































charge　density distribution, indicated by/0　，1S　represented by　the Fermi








Determination of gap state
distribution function
Calculation of charge distribution in the
pin a-Si solar cell (Fermi integral〉
Set of bias voltage
Calculation of potential energy
and electric field (Poisson's eq. )
Determination of depletion layer
Calculation of lph(V)
Calculation of illuminated I-V curve
Fig.　５－２　Flow chart　for　the　calculation of　the
　　　　　　　　　　theoretical　output　charcteristlcs of






-゜’１ 十e X p[{£ -(£f-φ〉｝／ｋＴ］　　　(5-6)
十（1）ａｎｄ　n (^) represent　the　densities　of　the　ionized　donors





function at　zero　temperature, the　donor-like　states will　give　ａ　positive
charge　above　Ｅｆ°　ｇｃ（ε) means　distribution　of acceptor-like　states
which　extend　from　the　side　of　the　conduction band　Ｅｃ　into　the　gap, and
the　acceptor-like states　will give　ａ　negative　charge　below　Ｅｆ with　the
same　assumption.　The　most　significant　difference　between　properties　of
c-Sl and a-Si １ｓ　the density of　gap　states　in the　forbidden band.　As　for
the　i-layer of　c-Si, the density of gap　states　１Ｓ negligibly　small　１ｎ the
calculation　of　the　charge　distribution.　０ｎ　the　other　hand, as　for　the
i-layer　of　a-Si, the　density of　gap　states　is　so　large　that　the　electric







used　the ｖ distribution　in　ｔｈｅｉｒｍｏｄｅｌ．５）　Konagai　９ｔ　al. assumed　the　゛Ｕ’













(a) Spear et al
(b)9(E)゜Qminl C°ｓh乞1
　　　　＋9｢゛i｢12 coｓh長2
　Eol = 250 meV(
E02＝　50 meV
(c) g(E) = gi(E) + g2(E)
gi(E)゜9心1(ｅ)(pk＋(ｅ゛p'&ol)}
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Fermi　integrals　analytically.　　The position of　the　Fermi level　determined
after　integration, however, lies　at　the　center　of　the　forbidden　band.
which differs　from the experimental　result。
　　　　　Then”Shifted Ｕ”distribution function １Ｓ　introduced by ourselves　ｔﾆｏ
solve　these problems.　As　shown in Fig.　5-3,”Shifted”means the　shift　of
the　Fermi　level　from　the　mldgap　to　the　observed　value.　The　shifted　ｕ




































the ｅｘpeｒｉｍｅｎt.7）　Ineq.(5-8), U is introduced to shift the Fermi level.
and　the　same　value　１Ｓ　used　in　the　first　and　second　terms　as　the　first
approximation.　In　these　equations, E=0 means　the　bottom　of　the　density




















































π sin (剖U Ｅ02
The computed Fermi level using eq. (5-9) with the values shown in Fig.
5-3　1S　equal t0　0.66　eV　from Ｅｃ゛ which　agrees　fairly　well　with　the
experimental value as　shown by the arrow in Fig.　5-3.
5-2-4.　Poisson' ｓ equation




electron.　The　electric　field E(x) is　also determined by　the　following:
In　order　to　obtain　ａ　numerical　solution　of　eq.(5-10). a　step-by-step
method　has　been used.　工ｎ　this　method, an　initial　value　of　electric
field　E(0) Is　assumed, and　then　Ｅ(Ｏ　十　△x) is　calculated　for　small
distance△X. This calculation procedure is Iterated to obtain E(x) for
73 －
the　whole　region.　However, there　is　ａ　large　flexibility　to　set　the
initial value, resulting in some ambiguity (See Appendix Ｂ）。
　　　　Hence, another　approach　based　on　ａ　boundary　value　problem has　been
introduced　to　overcome　the　problem　mentioned　above.　Integrating　both







































for the　cases where　the bias voltage Ｖｂ°0(shor：ｔcircuit) and v=o°８ Ｖ'
　　　　Once　the　potential　is　thus　computed, the　electric　field　E(x) can be
determined by eq.(5-ll).　Varying the potentials ４
Ｐ
and　φｎ according　to
an applied bias voltage, this procedure　１Ｓ　continued until whole profiles






Thickness of i―layer (μｍ)
0.4
Fig.　５－４　Calculatedpotential　energy distribution
　　　　　　　　　　Inａ pin a-Sl solar cell.
● 75 －
0.5





bias voltage and ｘ｡
　　　　　As　mentioned　before.　1n　the　case　of　the　c-Si　solar　cell.　the










of　the minority carrier　is　shorter　than　its　lifetime. Therefore, E ,　is





　　　　　Thephotocurrent工ｐｈ(Ｖ)１ｓ　determined by　the　sum of I (V), I (V),
and ｌｂ(Ｖ)゛ｗｈｉｃｈare generated in　the Ｗｓ゛Ｗｎ゛ａｎｄW , respectively：
　　　　　　　　lphくＶ)゜ｌｓ(Ｖ)十ｌｎ(Ｖ)十lb(Ｖ)'　　　　　　　　　　　(5－14)
IS(Ｖ)’ln(Ｖ)'811d　lb(Ｖ)　are　obtained by　　solving　　the　　continuity







Fig.　5-5　Energy band diagram of　ａpin a-Si　solar cell
　　　　　　　　undershort-circuit　condition.
77 －




　　　　　×[1 - e X p{-a(λ)W}]ｄλ･

















where　λ゛α　゛Ｎｉｎs　ａｎｄＬｐare　the wavelength of　the applied illumination.
absorption　coefficient,　incident　photon　density.　and　hole　diffusion
length, respectively.　In eq°（5‾15）’（Ｗｓ＋２Ｗｎ＋2Wb）collleS fl°om the
















are　strongly　influenced by　the voltage dependence of　the photocurrent, as
shown in Fig.　5-6.




















In these equations.λO’λ1’Ｎｉｎ（λ). P, . R(λ) , and　η（λ) are　the
shortest　wavelength　of　the　Incident　light, the　absoption　edge　of　the
”1万゛゛万terlal.　incident　photon　density (AM-1, 100 mW/ｃｍ２），incident　l ight
















Fig.　5－6　Voltage dependence　of (a) photocurrent　（lph）
　　　　　　　　　　and(b) output current （I）.
． 際 80 －
゛１　８ｔ　λＯくλくλ., the maximum　efficiency　of　４６　Ｚ　was　obtained　at
opt°
1.05 eV as shown in Fig. 5-7 (a)。





and related material, the　experimential　expression.


















and　curve (a) in Fig.　5－７　changes　into　curve (b) in　the　same　figure.　　In
this　case　the maximum efficiency of　27　Z was　obtained ａtＥｏｐt°1
゛４　ｅＶ°





　　　　　Inthe　case of amorphous　solar　cells, the absorption characteristics
can be　experimentally written as　follows：
















Fig.　5－7　Calculated　conversion efficiency as ａ　function of





alloy materials　ranges　from 600　to　800 （ｅｖ゛1/２ｃｍ‾1/2）.　So　the B value of
700　（ｅｖ‾1/２ｃｍ‾1/2）　was　chosen　for　the　calculation.　Then　the　absorved
light　can be　calculated with　the　thickness　Ｗ　of　the　amorphous　layer　and
the absorbtion coefficient　α　determined by eq. (5-22).　Ｔｈｅｌｌ’la（λ) in
eq. (5-21) becomes as　follows:
　　　　　　　la（λ）＝ｑNin(A){ 1 -R(A)} { 1 － cxp(-２ａ'Ｗ〉｝　　　　　　　　(5-23)
where　the value　of　2　In　the　exponential　term　comes　from　the　assumptions
of R (reflection coefficient　of　rear surface)゜１　and　single reflection.
From eqs. (5-21) and (5-23), the maximum efficiency can be calculated as
ａ　function　of Ｅｏｐｔ’　　Inthe　case　of　Ｗ　＝　0.5　μｍ，　the　calculated




(ass°led to be O°5Ω/cl12）’ＲＳｈ（８ｓＳ°ledto be 1000 Ω/cm ), and ^ph （Ｖ）
is obtained from eq. (5-1) with eqs. （5－2），（5－3）ａｎｄ（5－4），ｗheｒeIPh
(V) is
　　　　　　Iph(V)=q Nin(A){ 1 -R(λ)} { 1 － cxp(-２　ａＶＪ)}･ I pho(V)　(5-24)
In eq. (5-24), the normalized voltage　dependence Ｉｐｈｏ（Ｖ）of　photocurrent
is　assumed　to　be　the　same　as　the　result　of　0.5　　m　in　Fig. 5-6.　The
calculated efficiency Is　shown in Fig.　5－7（d）.　In this　case, the maximum
efficiency of　15　Z was　obtained ａｔEopt ° 1.3 eｖ｡
　　　Through these　calculations, the　theoretical　efficiency of ａ pin a-Si
solar　cell　was　estimated　to　be　12.5　Z　in　sunlight　of　AM-1, 100　mW/ｃｍ２，
－83 －
where　the　optical　bandgap （ＥＯＰt）’Ｗ’Lp and ^min are　1.7　eV,
0.15μm, and 3 ×　1016　Cm‾3eｖ゛1，ｒｅｓｐｅｃtiｖely・
０。５μｍ，






















effect of　recombination caused by　large density of gap　states　in a-Si｡
　　　　　With　the　above　mentioned　consideration.　mul tl-bandgap　amorphous








































determined by each Vt' and　the absortion coefficients　ａ１゛ａ２゛ａｎｄ　ａ３

















Fig.　5-8.　Energy band profiles　of multi-bandgap　structures






light. the Incident photon density （ＡＭ-1，100mW/ｃｍ２），ａｎｄ　the　reflection
coefficient, respectively.　The　internal　photocurrent (工）1ｓ　the　same　in
the multi-gap　structure, and　it　can be written as　follows.








-Iべ= ― , (5-29)
Where　101s　■■･02'　and　１０３can　be　determined by eq. (5-20). This equation
can be　solved by　the Newton method (See Appendix E) under　the assumptions
of n.°n2’n3°1°6゛Ｒｓ°5Ω/cm and shl ° ^sh2 ° ^sh3 ゛ 104Ω/cm°
These values are typical values　for a-Si　solar cells.　In the　calculation
the　effect　of　the　inverse　junction　mentioned　before　is　estimated　to　be
3　Z　of　l.　The　solution　of　these　equations　gives　us　the　theoretical
output　characteristics　of multi-bandgap amorphous　solar cells｡
　　　　　The　　flow　　chart　　of　　the　　total　　calculation　　process　　for　　the
multi-bandgap amorphous　solar cells is　shown in Fig.　5‘9.
5-4-3.　Optimization of　each bandgap
　　　　　With　the　above　mentioned　method.　the　theoretical　efficiency was






Set of each　i-layer thickness
Calculation of each iph （V）
Calculation of each I-V curve
Calculation of tota]LI-V curve










of 21　Z　is obtained ｆｏｒＥｏｐt1　°1.75 eV ａｎｄＥｏｐt2° 1.15　eV.
　　　　　In　the　case　of　the　three-junction　structure, as　shown　ﾆIn　Fig.　5－8
(b), a　similar　contour　map　is　shown　in　Fig.　5-11.　In　the　figure, the
second cell has　ａｎＥｏｐtof 1.7　eV, and　the maximum efficiency of　24　Z was
obtained for Ｅ
optl
= 2.0 eV ａｎｄＥｏｐｔ３ = 1.45 eV.
5-5.　Realization of　the Multi-Bandgap Amorphous　Solar　Cell
5－5－1.　Material　consideration

















super　structure, because　the　thickness of　the first　i-layer　１Ｓas　thin as
　　　　　　　　　　　○●about　1000 A In typical　multi-bandgap　cells.　As　the　photoconductivity
of　the　a-SiC:H/a-Sl:Ｈ　super　structure　films　fabricated　by　ａ　photo-CVD
method　is　high, as　mentioned　in　Chapter　m, it　is　one　of　the　hopeful
candidates as　the wide一犬bandgapmaterial　for high一犬efficiencymulti-bandgap
















Fig.　5-10.　Contour map of　calculated conversion efficiency
















Fig.　5-11.　Contour map of　calculated conversion efficiency





17　1.8　1.9 2.0 2ユ2.2 2.3 24　2.5
　　　　　Photon　energy　h Lﾉ（ｅv）
Fig.　5-12.　Optical bandgap of　a-Sl film as ,a　function of
　　　　　　　　　　　substrate　temperature.
－92








the maximum value obtainable when the properties　of　the wlde-bandgap　film
and the narrow-bandgap film become　the　same as　those of a-Sl film｡
　　　　　The　problem　of　lattice　mismatching　exists　in　the　case　of　the
multi-bandgap　cell　of　crystalline　silicon.　This　problem, on　the　other














theoretical　efficiency　of　24　Z　can be　obtained with ａ multl-bandgap　cell
















efficiency　compared with the　conventional　single　crystalline　solar cell.
・ ● 95 －
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effective methods　to　reduce　the degradation are mentioned.
















consecutive　separated　reaction chamber　method　was developed.　工n this
method.　P－　and　n-type　layers　are　deposited　in　different　reaction
chambers.　　In　the　following　experiments.　a-Si　films　and　solar　cells　were
fabricated by　the consecutive　separated react:ion chamber method.
6-2-2.　a-Si solar cell modules and panels
































for 2000 hours at　６０　°Ｃand ９５　Ｚ　relativehumidity。
　　　　　Inthese　tests.　the changes　in the　conversion efficiency of　the a-Sl
solar　cell　modules were negligible.　It　is　concluded　that　the　a-Si　solar






effect, which １Ｓ　descussed in the following sections.
6-2-A.　Light-induced degradation in a-Si power generating system
　　　　Based on the above mentioned enviromental　tests ，ａ ２ kW photovoltaic
power　generating　system using　a-Si　solar　cells was　constructed　in April ，
1981.　Figure　６－４　shows　ａ　view　of　the　system.　　In　this　electric　power
generating　system.　the　total　number　of　panels　is　513.　Nine　panels　are
connected　In　series　as　one unit, and　５７　series　are　connected　In paralleユ
lines.　０ｆ　all　the　solar panels, 17１　were　Installed　on　the　main　roof　of
the experimental model house, 189　０ｎthe awnings, and　１５３　０ｎan adj olning

































Exposure time (hours)　Exposure time (hぷ5urs)
　　　　　　（b）
Fig.　6-2.　Results of (a) a high temperature test (90 °C) and (b)
































Fig.　６－３．　Output　characteristicsof a-Si solar panels
　　　　　　　　　　asfunctions　of　outdoor exposure　time.
- １０２　－
Fig, 6-4.　Photograph of　ａ　２　kWa-Si power　generating　system.
- １０３　－
　　　　　Somepanels　in the power　generating　system were checked periodically
by　the　indoor　measurement　for　the　strict　analysis　of　the　light-induced
degradation as　shown in Fig.　6-5.　About　a　10　Z　degradation In the output
performance　was　observed　in　the　initial　period　of　one　month, which
corresponds　to　ｒｌ　of　the　equation　in　Fig 。　６“５１　and　then　the　degradation
ratio became　small.　After one month, the conversion efficiency decreased
in proportion to　the equation of exp (-:ｔ/Z’12）ａｓ　theｆﾆirst approxima tion :‘
The value of　the　time constant　r
2




minimized, which １Ｓ　the　target of　the following study.
6－3.　Analysis of　the Light-Induced Degradation in a-Sl Solar Cells
　　　　　In　this　section　the　light-induced　effect　in pin a-Si　solar　cells　is
discussed.　The　Illuminated current　density-voltage (I-V) characteristics
of　the　pin　cell　before　and　after　light　exposure　are　shown　in　Fig.　6－6・
The pin cell was　exposed　to　sunlight at air mass (AM) 1 (100 mW/ｃｍ２）foｒ
25　hours　in　an　open-circuit　condition.　which　１Ｓ　standard　exposure
condition　in　following　experiments.　The　thickness　of　the　i　layer of　the
　　　　　　　　　　　　　　　　　　　　○cell was　about 3000 A and　the conversion　efficiency　was　about　5　Z.　As
shown in Ｆｉｇ°6-6, the open-circuit voltage ｖｏｃａｎｄ　short-circuit　current
density　lｓc　did　not　change. The　conversion efficiency　77 decreased　by
about　10　Z owing　to ａ decrease　in こｈｅ　fill　factor F.F.　The decrease　In
７７１　canbe　recovered by　therma万１　annealing　of　１５０　°Ｃ，２　hours.　　Staebler
et al. nave reported that the decrease　in　?７　was　caused by　the decrease
１ｎ　ｌ
sc due　to　light　exposure.　　However,　our　experiment　suggested





























Fig.　6－５　Thedegradation of　the output performance








Fig.　6-6.　Illuminated I-V characteristics of a p-i-n a-Si cell
　　　　　　　　　before　←)and after (一一) light exposure at AMI
　　　　　　　　　（１００mW cm ) for 25 hours.
- 106　－
difference, we measured　the　collection　efficiency　and　found no　change　in
It, as　shown　in　Fig. 6-7.　The　change　in　F.F. is　thought　to　be　related
with ａ　change　in junction properties｡
　　　　　Inorder　to analyse the degradation of　the　fill　factor, the dark I-V
characteristics of　the cell were　Investigated.　As　shown in Fig. 6-8, the

















difference　in the　characteristic before and after exposure at　100 kHZ｡
　　　　　As　mentioned　above.　it　became　clear　that　the　changes　in　the
characteristics　of　the　a-Si　pin　cell　caused　by　light　exposure　depend
mainly on changes in the j unction properties.　As the junction properties
are　affected　by　internal　electric　field, the　degradation　characteristics









Fig.　6-7.　Collection efficiency　spectra of ａ pin a-Si solar










Fig. 6-8.　Dark I-V characteristics of the p-i-n cell before
　　　　　　　(･ , n=1.52) and after (▲, n=2.87) light exposure･























Fig. 6-9. Frequency dependence of the c-v characteristics
　　　　　of the p-i-n a-Si solar cells (a) before (T=296 K）




























Fig.　６－１０．　Degradationratios of　the photovoltaic characteristics













degradation, and forward bias　caused an increase　in degradation.　As　this
tendency　is　thought　to be　related with　carrier　inj ectlon. degradation by
the　carrier　inj ection was　studied　in　the　dark　condition.　A　degradation
of　２０　Ｚ　in　conversion　efficiency　was　observed　after　applying　a　forward





recombination　　of　　inj ected　　carriers ， was　　large.　　　Thus　　carrier
























Fig.　６－１１．　Degradation ratios of　the photovoltaic characteristics as
　　　　　　　　　　　functionsf　the bias voltage.　The point of bias voltage of
　　　　　　　　　　　ＯＶ corresponds　to　the　short　circuit　condition.
6-4.　Effect　of　Impurities
　　　　　Changes　in　the　space　charge　density （‘N ) of　811　Au/a-Si:H/n十　c-Si
Schottky　diode　were　measured　by　the　low-frequency (0.01　Hz) C-V　method.
The　initial　values　of　the space charge density (N )　and　the　final　value
of　the　Increase　in Ｎｌby light exposui°ｅ（ＮＯ）81:ｅｓｈｏ゛111 Fig°6-12(a).




increased in the　１０ｗoxygen concentration region, it　can be　seen that　the
oxygen　atoms　accelerate　the　1ight-lnduced　effect　in　a-Si　films.　In　the






films.　This　result　can　be explained　by　the law 。０ｆ　massaction , the
same as　in the case of phosphorus doping.　Namely, in phosphorus doping.
street proposed ａ followlne reaction.
P3 十Ｔ4 i＝=リトｆ (6-1)
where　P31　^4'　Pj‾s　and　Ｄ‘　mean　3-fold　coordinated phosphour.　4-fold
coordinated silicon, 4-fold coordinated phosphour with ａ positive charge,
and　silicon with ａ　dangling bond　of　ａ　negative　charge.　respectively.　In






















concentration (cm""^) Nitrogen concentration
(ａ) (b)
(Ｃｍ‾３)
Ｆｉｇ‘　6-12°　Thechages　in the Ｎｌand Ｎｏas functions of　the nitrogen
　　　　　　　　　　andoxgen concentration.
Where　Ｎ 3゛N4゛ＮＮ゛NS1゛ and　ｎ　mean　3-fold　coordinated nitrogen.　4-fold
coordinated　nitrogen　with　ａ　positive　charge, number　of　nitrogen　atoms ，
number of　silicon atoms, and number of N^ which is　equal　to number of Ｄ　，
l:espectively.　　From the　lower part　of　eq. (6-2), which shows ａ








Then it　is　clear　that ｎ is proportional　to　the　square　root of ＮＮ’ In the
case　of　oxygen.　the　slope　of　Ｎ０　１ｓ　ａ　little　larger　than　1/2, but　the




induced　effect　on impurities　in　ａ　concentration　region of　more　than 10^^
ｃｍ゛３．　　Then,the　light-induced　effect　in　a-Si　films　with　low　impurity
concentration, deposited in the　super　chamber, is discussed。
　　　　　As　the　photoconductivity　of　a-Si　films　strongly　affects　　the
performance of　a-Si　solar　cells, it　is　mainly discussed　in the　following
study･　－The　degradation　ratio　of　ｔﾆhe　photoconductivity （ぴph/θ’ｐｈｏ）８ｓ8
function　of　the　oxygen　concentration　１Ｓ　shovm　in　the　lower　part　of　Fig・








　　　　　０ｎthe other hand, the ESR spin density after light　exposure did not
depend　on　the　oxygen　concentrations,　as　shown　in　the　upper　part　of　Fig・
6-13.　This　behavior　is　consistent　with Tsai's results.　However, from
the　result　of　photoconductivity, it　１Ｓ　considered　that　the　light-induced






cross　section and the energy　level　of　defects｡
　　　　　工ｎ　the　ESR　measurement,　one　can　only　estimate　the　density　of
dangling bonds of　electrically neutral.　As　for charged states.　oxygen is
thought　to　cause　an　Increase　in　the　space　charge　density　after　light
exposure.　　Therefore,　there　is　ａ　possibility　that　oxygen　causes　an
increase　in　the　Ionized dangling　bonds, such　as　Ｄ十 (positively charged)
　　　　　　－and Ｄ (negatively　ｌ charged),　which　may　influence　the　value　of　the
photoconductivity　shown In Fig.　6-13。
　　　　　The　increase　inthe ESR spin density after light　exposure　１Ｓ　thought
to　come　from bond breaking　of weak　Ｓ１－Sibondｓ.11）　As mentioned　above,
carrier　recombination　causes　light-induced　degradation.　therefore.　1t
supplies　some energy to break weak Si-Si bonds.　The origin of weak Si-Si
bonds　１Ｓ　not　clear.　but　impurities.　such　as　oxygen　and　nitrogen･ are
thought　to　be　ａ　candidate　for　the　origin.　In　fact. as　described　in













l d1８　1 619 102０ 振1　1ぴ2
Oxygen ｃｏｎｃｅｈtrａtｉｏｎ（ｃｍ‾3）
Fig.　6-13.　ESR spin density and normalized photoconductivity
（∂ふｈ/び) as functions ｏ°ivgen concentrations　in
a-Sl films.
- １１８ －
which suggests　change　in Si network。




oxygen concentration from １｡8×1020　cm‾3　to 1.8×10　19 cm’3.10）
　　　　　Inconclusion, reduction of　impurities, which can be achieved by　the






Then the　1ight-induced degradation of　a-Si solar cells was　systematically
investigated.　and　it was found　that　the　degradation　ratio　increases with
the　increase　in　the　i-layer　thickness　which　corresponds　to　the　decrease
１ｎ　internal　electric　field.　It　was　also　found　that　the　degradation　１Ｓ
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were　indicated as　effective methods　of preventing the degradation｡
　　　　　工ｎ　Chapter　工工,properties　of　a-Si　films　and　solar　cells　fabricated
by　the　super　chamber were　studied.　A background　pressure　of 10゛９　Torr,
which is　two　to　three orders of magnitude　lower　than that　obtained with ａ
conventional　separated　reaction　chamber, was　achieved, and　ａ　gas　leakage
level　of 10‾7　Torr　1/sec　was　also　achieved.　Ｅχhausted　gases　were









hole diffusion length of a-Si films deposited　in the　super chamber were　２
ｘ　1015　cm　and　１ μm, respectively, which were　about　two　times　as good
as　those　of　a-Si　films　deposited　in　the　conventional　separated　reaction
chamber.　Ａ　conversion　efficiency　of　11.7　Ｚ　was　obtained　for　an　a-Si





thickness　fluctuation of　the　Interfaces of　the　film was estimated　to be　フ
Ｑ
Ａ．　　Thequantization effect was observed in the dependence of　the optical













for ａ glass/TCO/p-super structure/in/metal/a-Si solar cell。
　　　　　In　Chapter　IV, a一犬SlGe:IHI:;F　filmswere　systematically　investigated as
ａ　high-quality　narrow:':bandgap　material.　　Microcrystalline一犬Ge　can　be
obtained　when　the　ratio　of　the gas　flow　rate ＧｅＦ４/(S1F4十GeF ) is more
than　０．７　Ｚ；　μc-Si　can　be　observed　in　a-SiGe　when　substrate　temperature













solar　cells was optimized.　It was　shown that ａ theoretical　efficiency of
24　％　ｃａｎbe　obtained with a multi-bandgap　cell which ｈａｓＥｏｐt
1.7　eV and 1.45 eV.
of　２．０　eV,
　　　　　In　Chapter　VI, changes　In　the　characteristics　of　a-Si　solar　cells













such as　oxygen and nitrogen, in a-Si films.　As　effective countermeasures
of　the　light-induced　effect　at　present, reduction　of　impurities　by　the
super　chamber　and　applying　the　multi-bandgap　cell　structure　were
proposed.　which are also effective　for Improving performance.
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APPENDIX Ａ　　FERMI　INTEGRAL
　　　In this appendix, derivation of eq.(5-9) in Chapter V is explained･
　　　For the first term of eq.(5-8), the Fermi integral ０ｆeq.(5-5) can



















































　　　　Equation (A-2) is　one　of　the Mellin　transformation　integrals, where
the general　form of　the Mellln transformation integral　is as　follows:
In the case of eq.(A-2),　以,＝１ and F(x) = (1十ｘd)‾1，　then　the　solution








　　　　For　the　secondterm of　eq.(5-8) and both terms of　eq.(5-7), they can
be　calculated on　the　analogy　of　the　calculation　from　eq.(A-l)　to


















ｎ x2十△ｘ　X P i△ｘｏ　ｎ　　　　　ｎ　　ｌ
(B-1)
Where　△ψ　means　energy Intervals　into　which　potential　energyψ1ｓ








there is　some ambiguity　to　set　the initial　value　ｏｆ△φ/△｀Ｐ:咄ich ゛ｙ




APPENDIX c　SOLUTION OF CONTINUITY EQUATION
　　　In this appendix, derivations of eqs.(5-15), (5-16) and (5-17) in
Chapter ｖ are explained。














where Ｗｎand Ｗｂａｒｅwidths of neutral region and rear depletion region in
Fig.　5-5,　respectively.　Then, with　the　above　mentioned　assumptions,








density ＼　in Ｗｂｃａｎbe written as　follows.
Nb＝S Nin(A) exp{-a(λ)(Ws十Wb)}[１十exp{-a(λ)Wb}]













unity, the　generation　term　ｇ（λ, x) for　the　region　between　ｘ　to　ｘ十　dx









゛here Ｎｎ１（λ,x) and Nn2（λ, x) ai:ｅ　absoi°bedphoton densities at position
ｘ　for　the　absence　of　rear　reflection　and　for　reflected　photons　at　the
rear　surface. respectively. ・　On　theanalogy　of the　calculations　ｆｏｒＮｓ１
（λ) and Nｓ2（λ）’Ｎｎ１　（λ,x) and Nn2（λ’ x) can be written as follows:
Nnl(λ.x)= Ninくλ) exp{-a(λ)Ws} exp{-a(λ)･ｘ}
Nn2(λ，ｘ〉゜Nin(λ)expl- a〈λ〉{Ｗｓ十Wn+2Wb〉}
　　　　　　X exp{-a(λ)(Ｗｎ－ｘ)}
From eqs.(C-6), (C-7) and (C-8), g(λ, x) can be expressed as follows:
　　　　ｇ(λ・x)=Nin(λ) a(λ) exp{-a(入〉Ｗｓ}[exp― ａ(λ〉ｘ
　　　　　　　　　　十exp{- 2 a( A〉(Ｗｎ十Wk)}・exp{a(λ)ｘ}
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　(C-9)

























length.　Ｆ and Ｃ in ｅq･(C-12) can be written as follows:
C°exp{ - 2 a (λ〉{Ｗｎ十Wb〉}
F＝Ｎｉｎ（λ）α（λ) exp{-aくλ)Ws}
From eqs.(C-lO), (C-11), and (C-12), A and　Ｂ　can be　determined, and




APPENDIX Ｄ　　EXPLANATION OF PHOTOCURRENTS
　　　　In　this　appendix, meanings　of　eqs.(5-25), (5-26), and　(5-27)　1n
Chapter ｖ are　explained.








111 this ｅq゛８tiol1’la（λ）１Ｓｅ゛μessed by eq.(5-19), and the term
｛1－e‾α‘（入）WI｝　means　ａ　ratio　of　absorbed　photon　density　to　incident
phton　density　in　the　first　cell　of　ａ multi-bandgap　structure　shown　in









In　this　equation, each　term can be　explained　on　the　analogy　of　eq.(D-l),
except　for　the　term -6くλ)Ｗ' which means　absorbed　photon　density　in
the first　cell.
Equation (5-27) can be also explained on the analogy of eq.(D-2).
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APPENDIX Ｅ　　NEWTON METHOD FOR ＣＡＬＣＵＬＡＴ工ONOF I-V CHARACTERISTICS
　　　　Inthis appendix, the Newton method which is used　in the　calculation
of　I-V characteristics　in Chapter ｖ１Ｓ　explained.
　　　　The　illuminatedI-V characteristics　of　solar cells　can be written as
follows (from eqs.(5-l), (5-2) and (5-3)):
I °Iph- Io {exp―‘la?ｋとRsh














工(゜10； n °O) 1ｓ　set, then　the　next　value　of ]:,(n　°O＋1)'゛゛hich　is
closer　to　the　solution　than ｌｏ　can　be　calc゛lated　with　eq.(E-2)゜　　This
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